Abstract. In order to reduce the vibration transmission from the propeller to the hull, the integrated shaft vibrating isolating system is used to support the bearings, the propulsion devices and the auxiliary engines. To achieve the goals of vibration and noise reduction of the hull, the vibration energy is attenuated by changing the vibration transmission path of the coupling system. In this paper, the concept of the integrated shaft vibrating isolating system was put forward, the mechanical model of the shaft system was established. The dynamic characteristics of system's transverse vibration were analyzed by using analytic method and finite element method. Based on the displacement response at the bearing and force transmission rate, the vibration isolation effects of two different ways by traditional support and elastic support were compared and analyzed. The results show that the displacement response of the bearing under the whole elastic supported shaft system is smaller than the traditional support method. The integrated elastic support method reduces the vibration isolation effect by 10.9dB within 15 ~ 100Hz, and the effect of low frequency vibration attenuating is very evident. The feasibility of the design of integrated shaft vibration isolation system is verified. Therefore, a new method is put forward to design the vibration and noise reduction of the coupling system in the stern of the submarine.
Introduction
The radiated noise of low frequency line spectrum generated by the ship power plant is the acoustic fingerprint of the ship, which is easily detected by the enemy sonar and affects the ship stealth performance. Therefore, it is very important to control the mechanical vibration of large ship power plant in the noise control technology related to ship stealth performance. The introduction of double resilient mounting system or floating raft vibration isolation system has been able to solve most of the vibration isolating problems of large-scale power plant in the ship. However, since the ship power equipment noise was well controlled, the low-frequency noise generated by the shaft system has become a new disadvantage. The vibration is mainly generated by the periodic pulse excitation force in the non-uniform flow field. The excitation frequency is composed of axial frequency, leaf frequency and its multiplier frequency, concentrated in the low frequency band between 10~100Hz.
There are mainly three ways to reduce radiated noise from propeller-shaft-hull coupling system. One is to improve at the noise source, which is to reduce the unsteady excitation force through the structural optimal design of the propeller. The other way is to start at the noise radiation, that is, to reduce underwater radiated noise by optimizing the hull structure of the ship. The third way is to change the vibration transmission path of the coupling system by the design of the vibration isolation system1. Considering the design of propeller and hull structure relies on the improvement of the overall industrial technology in our society, the third way is undoubtedly a simple and efficient measures to reduce the vibration and noise of the hull. Currently, the ship power plant is generally mounted flexibly on the housing base by a vibration isolation device, so that the mechanical vibration of the plant can be effectively attenuated2. However, most of the ship bearings are rigidly connected to the hull, the fluctuation incentive force generated by the propeller is directly transmitted to the hull through each bearing of the shaft system, thus driving the hull to vibrate and radiate noise into the water.
Compared with the traditional rigid support method, J. Y. He3 put forward the concept of thrust bearing integrated vibration isolation system (IVIS), which make the thrust bearing and the ship power plant mounted on a large public floating raft. He pointed out that the vibration isolation effect of the IVIS is better than the traditional method in the low frequency range and can make the coupling system's vibration effectively attenuated in longitudinal direction. The above vibration isolation method also puts forward the adaptive requirement for the thrust bearing: first, when the thrust bearing pedestal produces radial displacement, the bearing's load should be controlled within a reasonable range; then, when the thrust bearing deflection occurs, the oil film lubrication characteristics should meet the requirements. According to the above demands, Z. M. Li4 developed a self-alignment and floatable thrust bearing with the ability of displacement and misalignment compensation function, which solved the operating safety problems of thrust bearing under the vibration isolation system. However, as the journal bearings still followed the traditional rigid support method, transverse vibration has no isolation effect in the low frequency range5.
For the vibration control of the propeller-shaft coupling system, the difficulty is to overcome the contradiction between the demand of vibration isolation effect and the permissible displacement response6. In order to meet the shaft alignment, the dynamic response of the shaft system can't be too large for acquiring a good vibration isolation effect. In this paper, the concept of Integrated Shaft Vibration Isolation System (ISVIS) is put forward. Based on the literature 2, a large power plant, thrust bearing and journal bearings are integrated in a large public floating raft and the entire system is elastically supported by the air springs. In view of the fact that the floating raft isolation platform has the property of large impedance, under the requirements of shaft alignment, the vibration energy transmitted from propeller to the hull can be further attenuated by changing the transmission path of the fluctuation incentive force.
The Scheme of Integrated Shaft Vibration Isolation System
As shown in Fig.1 , compared with traditional support scheme, all the bearings and the ship power plant are integrated in a large public floating raft, which is supported by the air springs. The fluctuation incentive force is transmitted through the bearings to the floating raft, and at the same time the concentrated force acting on the floating raft is converted into the dispersing force acting on the air springs. By adjusting the pressure in the airbag7, the air springs' deformation can be controlled within a reasonable range to prevent the shaft misalignment, which in turn controls the dispersion forces transmitted to the hull. The ISVIS has the advantages of large rigidity and low natural frequency, which can make sure that not only the vibration isolation system has a good isolation effect in the wide frequency range, but also the deformation of the shaft system can be reduced. Under the precondition that the requirements of the shafting alignment are satisfied, the vibration energy transmitted form propeller to the hull can still be effectively attenuated. 
Transverse Vibration Model of ISVIS
In order to study the vibration isolation effect of the traditional support method and the ISVIS, a simplified model was established as shown in Fig. 2 . In this figure, the front bearing is a thrust bearing, the middle bearing and the stern bearing are journal bearings. Each bearing is simplified as a single-point elastic supported spring element. For the front bearing and the middle bearing, the fulcrum should be taken at a position corresponding to 1/2 of the sleeve length. As for stern bearing, taken the cantilever effect of the propeller into consideration, the fulcrum should be taken at a position corresponding to 1/4 of the sleeve length. Spring units are used to simulate the bearings' radial stiffness, and the stiffness from stern to bow are K1, K2 and K3 respectively. The propeller and the elastic coupling can be reduced to mass element coupled with the shaft. Considering the influence of the moment of inertia caused by the shear deformation of the shaft on its flexural vibration, the shaft can be simplified as a modified Timoshenko beam element. The air spring can be simplified as a spring element with stiffness and damping in three directions. The elastic coupling has a certain displacement compensation capability, so it is usually simplified as a mass element and the end face of it can be regarded as a free end8. 
In Eq. (1), E, G, I am the Young's modulus, the shear modulus, the cross-section moment of inertia, respectively.
( , ) y y x t  is the deflection of the beam, ' k is the cross-section shear coefficient, A is the effective shear area, r is the cross-section radius of the beam. Eq. (2) is the general solution of Eq.
(1).
In Eq. (2), ( ) u x is the vibration mode function of the beam,  is the excitation frequency,  is the initial phase. Eq. (3) can be derived by introducing Eq. (2) into Eq. (1).
In Eq. (3), 
  T can be expressed as equation (6) .
In Eq. (6), i L is the length of the shaft element of component i,
The transmission matrix of a certain point in the length direction of the shaft element can be expressed as Eq. (7). 1  1  2  2  1  1  2  2  2  2  2  2   2  2  2  2  1  1  2  2  1  1  2  2  2 2  2 2  2 
The Transfer Matrix of the Mass and Spring Element
When establishing the analytical model of the propeller-shaft system, the propeller and the elastic coupling are simplified to the lumped mass, and the bearings are simplified to the spring elements.
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The corresponding transverse transfer matrix is expressed as P P , C P , Ki P in Eq. (8) ~ (10) respectively, where i = 1,2,3 are the bearing numbers as shown in Fig. 4 , P M , P J , i K are the mass of propeller, the moment of inertia of the propeller, the transverse stiffness of each bearing. 
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Transverse Vibration Response of the Bearing Housing
When the periodic pulse excitation force 0 f is acted on the propeller, the relationship between state vectors of the right and the left ends of the shaft system is presented in Eq. (13), z F , z K , z u are the force transmitted to the bearing, transverse stiffness of the bearings, deflection at the corresponding shaft element, respectively. 4 3 3 2 2 1 1 C K K K P  T P T P T P T P T P (11) 1 1 (3, 4) (4, 2) (3, 2) (4, 4) (3,1) (4, 2) (3, 2) (4,1) (3,4) (4,1) (3,1) (4,4) (3,2) (4,1)
Due to the strict limitation of the boundary conditions at the output end of subsystem when solving the impedance matrix element, the impedance matrix of the multi-input multi-output system is hard to measure. In contrast, the admittance matrix is easily obtained by measurement. In general, finite element analysis (FEA) or experimental method is used to obtain admittance elements of the subsystem. By acquiring the admittance matrix of the subsystem, the corresponding four-end parameters of the structure input and output end can be solved indirectly11.
Discussions of Results
It is assumed that the model parameters of the integrated shaft vibration isolation system are as shown Fig. 1 , where P M =4000kg is the propeller lumped mass, C M =800kg is the elastic coupling lumped mass, th M =500kg is the thrust collar mass, L1=1.2m, L2=3.8m, L3=2.3m, L4=1.7m are the length of the shaft elements, D =0.24m, d =0.13m are the outer diameter, inner diameter of the shaft, E= The natural frequency of each air spring is 5.0Hz and the rated load is 2.5t. The transverse stiffness of the air spring is twice the vertical stiffness, and the damping ratio is 0.05. The stiffness C K of the air spring changes linearly with the load M , so the formula for the parameters of the air spring is given by Eq. (15).
The Finite Element Model (FEM) of the ISVIS is constructed as shown in Fig.3 . As with the analytical model, in the FEM, the propeller and the elastic coupling are reduced to the lumped mass elements, and the shaft is simplified to the Timoshenko beam elements. The journal bearing is simplified to the spring elements with horizontal and vertical stiffness, and the thrust bearing with three-directional stiffness. The elastic coupling and the output end of the power plant flange are restrained by a spring. The upper pad of the air spring is connected with the floating raft, the lower pad is connected with the pedestal, and the pedestal is fixed. In order to avoid stress concentration, the area of the shell element that fixes the upper end of the spring and the raft frame is approximately the actual contact area. The confinement area between the air spring and the floating raft should be approximately equal to the actual contact area.
Fig. 3. FEM of Shaft Isolating System
Advances in Engineering Research, volume 154 In the frequency range of 10 ~ 100Hz, the vertical harmonic excitation force with amplitude of 1N is applied at the propeller. The displacement responses and the force transmissibility of the shaft system under different support conditions are calculated by using analytical method and FEA method respectively. The reference value of the vibration displacement level is 1pm. The formula for calculating the force transmissibility of the ISVIS is shown in Eq. (16), where i F is the vertical elastic support force of the i-th air spring and P F is the vertical excitation force of the propeller. 
From Fig. 4 to Fig. 6 , it can be seen that both the analysis method and FEA method results show the relevant frequencies of the shaft system modes, and the bearing displacement response vary with the frequency in the same trend. Due to the damping effect of the air springs and the high impedance characteristics of the large public floating raft, the displacement response of the bearing under the whole elastic supported shaft system is smaller than the traditional support method. It is shown that the vibration of the shaft system has not been amplified after changing the transmission path from the propeller to the hull. As shown in Fig. 7 , because the ISVIS makes the transverse vibration transmission path more complicated, the peak of the force transmissibility curve increases obviously, but the amplitude of the single line spectrum is attenuated effectively. Above 15Hz, the vibration isolation effect of the ISVIS is obviously better than the traditional method. Compared with the traditional method, the total vibration isolation effect of the ISVIS is reduced by 10.9dB in the low frequency range of 15 ~ 100Hz. 
Conclusion
In this paper, the concept of the ISVIS was put forward. The analytical method and the finite element method were used to establish the mechanical model of the shaft system. By analyzing the displacement response characteristics and the vibration isolation effect of the traditional support method and the ISVIS respectively, the feasibility of the design idea of the ISVIS is verified. The results show that the vibration of the shaft system has not been amplified after changing the transmission path from the propeller to the hull, considering the high impedance characteristics of the large public floating raft and the damping effect of the air springs. In the low frequency range, the vibration isolation effect of the ISVIS is obviously better than the traditional method. By changing the vibration transmission path from the propeller to the hull, the periodic pulse excitation force generated by the propeller is effectively attenuated. The design of the ISVIS can overcome the contradiction between the demand of the system's vibration isolation effects and the permissible displacement response. The ISVIS can provide a new method for the design of vibration and noise reduction in the stern of the submarine.
